Within the framework of the Future Launchers Preparatory Program, carried out by the European Space Agency, the VTO-Hopper reusable launcher is investigated. This concept is a winged sub orbital vehicle designed for vertical take-off with an expendable upper stage, able to deliver a payload up to 8 Mg in geostationary transfer orbit. After the staging, the reusable booster will reenter the Earth's atmosphere, and then perform a downrange landing. In this paper the current design activities are described. The goal has been to define the preliminary booster aerodynamic and aerothermodynamic databases. Therefore, the aerothermal environment that the vehicle will encounter along its lifting reentry has been provided and analyzed. Different design approaches have been addressed. In fact, aerodynamic and aerothermodynamic analyses have been performed by using both engineering and numerical methods. For instance, a 3D Panel Methods code, typical for hypersonics, has been employed; the heat flux distributions have been evaluated by means of improved boundary layer methods. Increasing the order of complexity, a number of detailed 3D CFD analyses have been performed for different flight conditions along the descent trajectory. Results show that the aerodynamics and aerothermodynamics derived from engineering design approach are valid only for preliminary analysis purposes.
Introduction
This paper describes the aerodynamic and aerothermodynamic preliminary design activities for the SOH-VTO Hopper concept performed in the frame of the European Space Agency (ESA) Future Launcher Preparatory Program (FLPP). This program is finalized to prepare Europe for the decision on the development of a Next Generation Launcher (NGL) within the next decades [1, 2] . The reentry scenario with the corresponding loading environment for the proposed vehicle concept is reported and analyzed. The hypersonic aerothermal characteristics of Hopper VTO are investigated with a trajectory-based design approach by means of several engineering and CFD analyses [3, 4] . Being a phase 0 design, the air is modelled as a perfect gas and the more detailed analyses have been based on laminar flow conditions only. Results show that the aerodynamics derived from engineering design approach is sufficiently accurate for preliminary analysis purpose; moreover, surface heat loads have been computed on the vehicle configuration for thermal shield design scopes. The final results that will be applicable for the prosecution of the activity of FLPP program carried out by ESA are then summarized.
VTO Hopper Concept
The VTO Hopper is one of the possible future launch systems investigated in the frame of FLPP program [1, 2] . The vehicle architecture is shown in Figure 1 . The VTO launch vehicle is a two-stage space transportation system made up of a fully reusable first stage and an expendable upper stage, (see Figure 1(a) ). The vehicle lifts off vertically from Guyana Space Centre (GSC) and performs a parabolic suborbital trajectory; after MECO (h > 90 km, v > 5 km/s), the upper stage separates from the reusable booster, ignites, and transports the payload into the final target orbit. The reference mission for FLPP 1.2 consists of the injection of a 8 Mg payload into geostationary transfer orbit (GTO).
After separation from the payload, the reusable booster is designed to perform an unpowered ballistic arc, followed by a gliding downrange reentry flight to a landing site 4500 km far from the launch site. The booster is designed to land horizontally. The current vehicle shape features a body fuselage with a circular cross section, wings in rear position, and a vertical fin. The circular shape has been adapted in order to introduce the body flap.
VTO Hopper Nominal Reentry Flight Scenario
The investigated reentry scenario for the VTO Hopper launcher is summarized in the following Figures 2 and 3. Figure 2 shows the altitude versus reentry time from the entry interface (e.g., 120 Km) to terminal area energy management (TAEM), while on the right side, the Mach and AoA profiles versus the reentry time are reported. Figure 3 reports the flight profile in terms of altitude-velocity map.
The constant Mach and Reynolds numbers lines are included in the figure in order to characterize the aerodynamic flight scenario of the launcher. Several Mach numbers ranging from 2 to 20 and five Reynolds numbers (i.e., [1, 3, 8, 20, 70 displayed in Figure 3 . It must be noted that the ranges of Mach and Reynolds numbers have been selected to cover a wide part of the reentry flight, especially the most critical one from the aeroheating point of view (i.e., M ∞ = 13.4).
Description of Design
A summary review of the aerodynamic and aerothermodynamic characteristics of the VTO Hopper concept is performed. These evaluations have been aimed at carrying out only a preliminary aerodynamic database (AEDB) and aerothermodynamic database (ATDB) for such configuration, in compliance with the phase-0 design level. The range between Mach 2 and Mach 20 has been analyzed, with the goal to provide aerodynamic database for flight mechanics analyses, and wall heat fluxes for TPS sizing activities. The aerodynamic coefficients have been provided as a function of Mach number and angle of attack (zero sideslip angle and no active control surface deflections) according to the "spacebased" design approach [3, 4] . On the other hand, the heat fluxes have been computed for a number of selected points along the vehicle reentry trajectory, as prescribed by the "trajectory-based" design approach [3, 4] . The first one (AEDB) dictates the generation of a complete data set as function of a number of independent parameters (i.e., M ∞ , Re ∞ , α); the second one (ATDB) consists in performing the aerothermal computations at a finite number of "critical" points on a given nominal design trajectory. In both cases, by using an engineering-based design tool, one can rapidly develop both aerodynamic and aerothermodynamic databases as a function of the freestream parameters in a matter of hours.
In the present analysis, only continuum regime (supersonic and hypersonic speed ranges) with the air modeled as perfect gas has been studied. It is worth to underline, however, that at high altitudes the rarefaction and real gas effects should be taken into account when the vehicle is flying at high Mach number, since they strongly affect both vehicle AEDB and ATDB. Therefore, these aspects would have to be considered for next phases of vehicle design. In the following paragraph, the tools used for the analysis are described.
Aerodynamic and Aerothermodynamic Analysis Tools.
The VTO-Hopper experiences a number of severe flight conditions for which analyses are required. It must return from orbit, fly trimmed throughout hypersonic and supersonic regimes until landing, and withstand severe aeroheating. An accurate aerodynamic and aerothermodynamic analysis of all these flight conditions is very complex and timeconsuming, and not compatible with a phase 0 design study, for which fast predicting methods are requested. Therefore, the evaluations of the vehicle AEDB and of its reentry aerothermal environment have been mainly performed by means of engineering tools, while a limited number of accurate CFD computations have been carried out in order to verify the attained accuracy, and to focus on some critical design aspects not predictable with simplified tools.
Engineering-based aerodynamic and aerothermodynamic analyses have been extensively performed by using a 3D Panel Methods code, namely, SIM (Surface Impact Method), developed by CIRA in the frame of its research activities on preliminary design of reentry vehicles. This tool, at high supersonic and hypersonic speeds is able to accomplish the aerodynamic and aerothermodynamic analyses of a complex reentry vehicle configuration by using simplified approaches as local surface inclination methods and approximate boundary-layer methods, respectively. Surface Impact Methods (SIM) typical of hypersonics are based on Newtonian, Modified Newtonian, Tangent Cone, and Tangent Wedge theories. The heat flux calculations have been performed using both CIRA engineering code and simplified engineering formulas in order to confirm and integrate the tool results (e.g., heat loads) at the most critical parts of the vehicle such as vehicle nose and wing leading edges. The CIRA engineering code performs the aerothermal analysis of the vehicle configurations based on the surface streamlines. The streamlines are generated starting from the inviscid surface velocities generated previously by the code, in the aerodynamic analysis phase. Once the streamlines are obtained, the aeroheating analysis is performed along each streamline by using a simple one-dimensional boundary layer method. The generic vehicle component may be modeled as either a flat plate or a leading edge by selecting the appropriate boundary layer model. In Figure 4 , a typical mesh surface of the VTO, used for the engineering level computations, is shown. On the other hand, the numerical code used to carry out the CFD analyses of the SOH-VTO vehicle is the CIRA code H3NS. It solves the flow-field governing equations, including chemical and vibrational nonequilibrium, with a finite volume approach; a flux difference splitting upwind scheme is used for the convective terms, with a secondorder ENO-like reconstruction of cell interface values. The viscous fluxes are calculated by central differencing, that is, computing the gradients of flow variables at cell interfaces by means of Gauss theorem. Time integration is performed by employing an Euler Forward scheme coupled with a point implicit treatment of the species and vibration energy source terms. Both sequential and parallel versions of the code are currently available. Several boundary conditions can be applied for the viscous computations, including different catalycity models and the possibility to assign a fixed temperature or a radiative equilibrium condition at the wall. CFD computations have been carried out on a multiblock structured grid (shown in Figure 5 ). The grid Table 1 hereafter. The distribution of surface grid points has been dictated by the level of resolution desired in various areas of vehicle such as stagnation region and base fillet, according to the computational scopes. A close-up view of 3D mesh on the vehicle surface can be seen on the right side of Figure 5 . Grid refinement in strong gradient regions of flow field has been made through a solution adaptive approach. (2), respectively.
VTO Hopper Aerodynamic Analysis
C i = F i (1/2)ρ ∞ v 2 ∞ S ref , i = L, D,(1)C M j = M j (1/2)ρ ∞ v 2 ∞ L ref S ref , j = Y.(2)
General Inputs for Aerodynamic Data Set Generation.
For the VTO Hopper configuration, the following reference parameters have been chosen in order to obtain aerodynamic forces and moments nondimensional coefficients (see Figure 3 , the aerodynamic data set has been generated for the following ranges:
(1 Neither lateral directional analysis nor wing and body flap effects have been taken into account in this paper.
Reference Coordinate
System. In Figure 6 (b), the used reference frames are shown; the subscript "b" indicates the Body Reference Frame (BRF), while "w" indicates the Wind Reference Frame (WRF). The origin of both reference systems is in the centre of gravity (CoG) of the VTO-SOH configuration. The pole for the calculation of the moment coefficients is assumed at the vehicle nose. The following convention for the aerodynamic coefficients is adopted, that is, the convention usually adopted in flight mechanics: angle of attack (α) is positive when the free stream hits the vehicle form the bottom up; axial force coefficient (C A ) is positive when force is pushing in front of the vehicle towards the base; normal force coefficient (C N ) is positive when force is pushing on belly side of vehicle toward up; pitching moment coefficient (C My ) is positive when the aircraft puts the nose up.
VTO Hopper: Synthesis of Results for Clean Configuration Aerodynamics
For each Mach number, aerodynamic data refer to viscous analyses. As an example of the engineering aerodynamic database of the SOH-VTO Hopper concept in clean configuration, performed in this work, results for M ∞ = 5 are summarized in Figure 7 , where the pressure coefficient distribution over the wetted vehicle surface for two AoAs aerodynamic performance. For instance, Figure 8 shows that starting from α = 0 deg, the VTO Hopper aerodynamic efficiency straightly increases reaching the peak of about 1.6 at α = 15 deg, and then it decreases up to about 0.9 at α = 40 deg. A similar behavior (due to the effects of AoA) will be expected for the heat flux density distribution within the aerothermodynamic analysis, as recognized hereinafter.
In conclusion, looking at Figure 9 one can appreciate an overview of launcher's aerodynamic efficiency for the whole Mach number and AoA ranges. As clearly shown, the Oswatich (Mach independence) principle is satisfied starting already from Mach = 7 (It is worth noting that no real gas effects have been taken into account).
Note that lift-to-drag ratio (L/D) is the most important feature of the vehicle aerodynamic performance, which has a direct impact on the down-range capability of a reentry vehicle that reaches the nominal landing site (DRLS) at the end of an unpowered gliding flight [5] .
SOH-VTO Hopper Aerothermodynamic Analysis
The aerothermodynamic analysis summarized in this paper refers to the design trajectory profile investigated for the VTO Hopper in the FLPP study. Stagnation points on the vehicle fuselage and on three different wing sections have been monitored as reference points. As done in the aerodynamic analysis, only engineering methods have been utilized to build the preliminary ATDB of the VTO vehicle concept.
Aerothermodynamic Features of the SOH-VTO Hopper
Configuration. The vehicle forebody is characterized by a simple cone-sphere configuration, with a cylindrical fuselage shape. The geometry shows smooth streamlined surfaces in the upper and lower sides of fuselage to prevent local dangerous overheating, with a constant circular cross section up to the fuselage-wing interface. The fuselage nose radius (R N ) is equal to 1 m, while the wing is swept back by 45.17 deg and is blended into the fuselage to minimize wingbody interference heating. Figure 10: Altitude versus heat flux density profiles for fuselage nose (a) and wing sections nos. 1, 2, and 3.
SOH-VTO Hopper Aerothermal Environment.
By flying, the work done by aerodynamic drag in braking the vehicle heats the surface with a severity that depends on the reentry vehicle configuration. Therefore, based on the reentry flight profile (see Figure 3) , it follows the aeroheating environment that the VTO Hopper has to withstand along the atmospheric descent. This aeroheating environment is dimensioning for the TPS which protects the vehicle from the high-thermal loads during reentry. In order to characterize the VTO Hopper aerothermal environment, several control points of the vehicle configuration have been considered. They are the stagnation point of the fuselage nose as well as of three wing sections (see Figure 15) .
To build the heat transfer density profile for the fuselage stagnation point the Detra, Kemp and Riddell [6] relationship has been employed:
while the Gomg's relationship is applied for the wing leading edge [6, 7] q
where Λ eff is the effective swept angle:
sin Λ eff = sin Λ cos α,
It is worth underlining that this analysis is reasonable and applicable only in the continuum flow regime.
The heat flux density profiles estimated with (3) and (4) as a function of altitude, and with respect to the fuselage nose and wing leading edge (for three wing sections), are reported in Figure 10 .
In Figure 11 (the right side is an enlargement of the critical heating zone of reentry profiles), the time histories of the aerothermal environment at the launcher's nose are shown. Note that the thermal load distribution is reported together with the AoA profile the reentry vehicle exhibits during descent. The time history of heat flux profiles for each wing control section is shown in Figure 12 .
As one can see, the reentry trajectory results in a peak heating at fuselage nose of about 500 kW/m 2 , that is reached when the VTO launcher is flying at M ∞ = 13.4 and AoA ≈ 30 deg, at an altitude of 50.8 km.
On the other hand, looking at what happens to the wings, both the right sides of Figure 10 and Figure 12 highlight that the spanwise distribution of heat flux at WLE is expected to increase ranging from wing root to tip due to the smaller WLE radius (relative leading edge radius of 4.5%) and that the wing shape (e.g., wing swept angle and wing leading edge radius profile in spanwise) is characterized by an aeroheating at leading edge that reaches values close to that of the fuselage nose.
The heating profiles, reported above, lead to an integrated heat load Q that is expressed by
where t E is the time at the entry point, when the vehicle initiated the reentry. The time histories of the heat load per unit area (MJ/m 2 ) for nose and wing sections, according to (6) , are reported in Figure 13 . Both heat flux and integrated heat load are fundamental for the TPS design analyses [8] . The heat flux distribution on the aeroshape dictates the choice of thermal protection material (TPM) able to withstand this thermal loading as well as the TPS configuration; the integrated heat load suggests the sizing of the thermal shield thickness [8] .
The calculations of heat loads led to the following conclusions: due to the steep reentry, the VTO Hopper experiences a short heat pulse on its windward side, which drives maximum heat flux and surface temperature to levels comparable to RLVs coming down from LEO orbit; maximum heat fluxes averaged over the surface of the vehicle are moderate if compared with RLV returning from orbit; the short heat pulse on the windward side is manageable with ceramic hardcover TPS but restricts the application of specifically lighter metallic TPS; catalytic surface effects on the large vehicle are not significant.
General Inputs for Aerothermodynamic Data Set Generation.
In order to provide the heat flux distribution over vehicle surface (only fuselage and wing), a number of trajectory flight conditions (trajectory check points) have been considered, in the light of the trajectory-based design approach [2, 3] . Figure 14 gives an overview of the trajectory zone, where check points have been established while their free-stream conditions are reported in Table 1 .
The points are selected on the trajectory in such a way to duplicate the area under the heat pulse, which markedly drives the vehicle thermal shield design. Finally, numerical computations, based on laminar flow conditions with the air modelled as a perfect gas, refer to cold wall boundary conditions.
VTO Hopper: Synthesis of Results for Clean Configuration
Aerothermodynamics. The engineering aerothermodynamic database of the VTO Hopper concept in clean configuration provides vehicle thermal loading by means of heat flux density profiles on different vehicle sections, as for example, the fuselage centerline, at cold wall (T w = 300 K) conditions. In order to facilitate the comparison among the results and the application for TPS sizing, the heat fluxes have been provided along selected section lines of fuselage and wing, as shown in Figure 15 . Five slices have been selected on fuselage and three slices on the wing surface.
The following plots show the results obtained at trajectory check points compared on fuselage sections 1 and 5 (i.e., the leeward and windward centerline), and on wing section no. 1 in order to characterize the fuselage and wing thermal loading. It must be underlined, however, that these aeroheating results have not been obtained by means of accurate and more reliable CFD computations. Therefore, a proper margin should be adopted in recognizing vehicle aerothermodynamic data. This is especially true considering aeroheating estimates on wing, as it will be clarified hereinafter. For more details see [9] where the effects of both turbulent flow conditions and flow dissociation on VTO preliminary design are also shown. Figure 16 shows the heat flux along the Hopper centerline (sections nos. 1 and 5) as evaluated at control points nos. 2 and 5 (see Table 1 ). By analyzing this figure, very interesting features can be taken into account for a reliable TPS design for the SOH-VTO Hopper fuselage. For example, when the results obtained at different AoA are compared it results that at α = 18 deg the vehicle leeside reaches higher heat flux, while at α = 30 deg the windside is the most solicited vehicle part, as expected.
SOH-VTO Hopper Fuselage Thermal Loading.

SOH-VTO Hopper Wing Thermal Loading.
In this paragraph, the results of aerothermodynamic analysis collected on Hopper wing section no. 1 (see Figure 15 ) are reported. In Figure 17 , the heat flux along Hopper airfoil (section no. 1) as evaluated at control points nos. 2 and 4 (see Table 1 ) is shown. By analyzing these figures, very interesting features can be taken into account for a reliable TPS design for the SOH-VTO Hopper wing.
Reliability of Design Activities
In the following two paragraphs, several comparisons between results of present analyses and data provided by more reliable CFD computations are made in order to assess the error margins of engineering-based design analyses. In fact, since these aerodynamic and aerothermodynamic analyses are based on empirical correlations and approximate theories, it is important that they are calibrated against more accurate CFD results. engineering analyses in order to verify the accuracy attained with the simplified analyses and to focus on some critical design aspects not predictable with engineering tools. The selected control points are reported in Figure 18 , while the CFD test matrix is summarized in Figure 19 .
SOH-VTO Hopper
As one can see, each check point lies within the flight scenario foreseen for a typical mission profile of the VTO launcher concept.
Each red box in Figure 19 identifies a CFD run (e.g., check point); therefore, the results of twelve CFD Euler computations are reported in the following. All CFD results refer to grid converged computations. of vehicle during descent. Further information concerning the bow shock shape can be recognized in Figure 21 , where Mach number contours on different cross planes are shown when the booster is flying at M = 10 and α = 20 deg.
This shock surface envelopes the vehicle and may impinge on wing leading edge thus increasing locally the heat flux (overheating) that the vehicle thermal shield has to withstand (see Figure 22) . Therefore, analyses of shock-shock interaction (SSI) with overloads (pressure and heat flux) at impingement are mandatory for a reliable vehicle TPS design. Further flow field features can be recognized in Figure 20 where the normalized pressure contour field is also shown.
Concerning the reliability of predicted aerodynamic coefficients from Figures 23, 24 , and 25, a good agreement between the estimated aerodynamics and the CFD data can clearly be noted.
As clearly evident, results of engineering-based approach and CFD computations compare very well at each Mach number and AoA considered. The maximum difference has been found at Mach 16 and α = 50 deg which is comprised within an error bar of 10%.
SOH-VTO Hopper Aerothermodynamics.
As far as the wing is concerned, it is worth to underline that engineering analyses refer only to wing-alone condition, considering that the effects of vehicle bow shock (e.g., the detached shock ahead of vehicle) can be investigated only by means of more accurate CFD analyses. Therefore, differences on heat flux distribution between 1D BLM and CFD analyses are expected moving in spanwise direction toward the tip. In fact, the part of the wing that is behind the vehicle bow shock experiences different flow field conditions with respect to the free stream ones. This means that considering the presence of the bow shock (i.e., also a more realistic situation with respect to the free stream conditions), the heat flux is expected higher than the one evaluated by means of 1D BLM. Moreover, heat flux distribution in sections nos. 2 and 3 could be influenced by a vortex arising from the wing tip (that can be investigated only via CFD computations), and especially by the pressure spike on the wing leading edge due to the bow shock. Note that this pressure spike, followed by shock-shock interaction occurring between wing shock and bow shock, localizes a high heat load region on WLE and its position changes along the atmospheric descent, depending on Altitude, Mach, and AoA reentry profiles. This means that a proper margin of 30% should be adopted with respect to the engineering data.
In conclusion, it is worth underlining that as in the case of AEDB evaluation, rarefaction effects have to be taken into account in determining the heat flux distribution on the wing leading edge. Therefore, CFD and DSMC analyses are mandatory for a reliable TPS vehicle design, as vehicle design proceeds. selected points of the reentry trajectory have been simulated (trajectory-based design approach). It is worth underlining, however, that some results of the present analysis have not been carried out by means of accurate and more reliable CFD computations. Therefore, proper margins should be adopted in recognizing the whole vehicle aerodynamic and aerothermodynamic data. In any case, the obtained results confirm that the difference between eulerian CFD and engineering-based design is smaller than 10% for aerodynamic coefficients, while a margin of about 30% has to be taken into account for what concerns the aerothermodynamic results. This fact confirms that surface impact methods and one-dimensional boundary layer method represent a reasonable preliminary design approach in order to accomplish the aerodynamic and aerothermodynamic characterization of a reentry vehicle across the hypersonic regime.
Concluding Remarks
From this work very interesting features can be derived for a reliable aerothermal environment definition of the FLPP concept. For example, both the vehicle nose and wing leading edges experience a heat flux within 500 kW/m 2 .
Note, in conclusion, that further analyses seem necessary on specific topics in order to increase the reliability of the aerodynamic and aerothermodynamic databases and to reduce the design margins. In particular, the attention has to be focused on real gas and rarefaction effects, as well as on shock-shock interactions and laminar-to-turbulent transition. The real gas effects can be important because, during atmospheric reentry, dissociation and ionization processes take place in the shock layer, which can have an influence on the aerodynamic coefficients. Real gas effects are expected to affect stability and control derivatives of vehicle, in particular its pitching moment, as highlighted by first U.S. Space Shuttle reentry (STS-1) where an unexpected higher nose-up pitching moment required a body-flap deflection twice the one predicted by the preflight analyses to trim the Orbiter. Moreover, real gas effects cause a shock that lies closer to the vehicle with respect to the position that would characterize a perfect gas case. These effects obviously occur only at higher Mach numbers. Further, regarding to the aerodynamic coefficients, it is well known that at very high altitude, when the Reynolds number decreases and rarefaction effects are present, there is a strong increase of the drag coefficient and a consequent reduction of the maximum efficiency. Another aspect that has to be considered is the interaction of the bow shock with the shock generated by the wing. It is an important phenomenon that has to be investigated because it can have a significant impact on the local pressure and heat flux distribution. As far as the laminar to turbulent transition is concerned, it is well known that it can cause strong overheating on the skin. 
